Molecular approaches are being used increasingly for epidemiological studies of visceral and cutaneous leishmaniases. Several molecular markers resolving genetic differences between Leishmania parasites at species and strain levels have been developed to address key epidemiological and population genetic questions. The current gold standard, multilocus enzyme typing (MLEE), needs cultured parasites and lacks discriminatory power. PCR assays identifying species directly with clinical samples have proven useful in numerous field studies. Multilocus sequence typing (MLST) is potentially the most powerful phylogenetic approach and will, most probably, replace MLEE in the future. Multilocus microsatellite typing (MLMT) is able to discriminate below the zymodeme level and seems to be the best candidate for becoming the gold standard for distinction of strains. Population genetic studies by MLMT revealed geographical and hierarchic population structure in L. tropica, L. major and the L. donovani complex. The existence of hybrids and gene flow between Leishmania populations suggests that sexual recombination is more frequent than previously thought. However, typing and analytical tools need to be further improved. Accessible databases should be created and sustained for integrating data obtained by different researchers. This would allow for global analyses and help to avoid biases in analyses due to small sample sizes.
I N T R O D U C T I O N
Representatives of the genus Leishmania cause a variety of clinical syndromes, ranging from selfhealing cutaneous forms (CL) through to mucocutaneous (MCL) and lethal visceral diseases (VL). The leishmaniases are transmitted via the bite of infected female sand flies of different Phlebotomus and Lutzomyia species and are widespread over the tropical and subtropical regions around the world. At least 21 species of Leishmania have been recorded as being infective to humans (WHO, 1990) . There is no absolute correlation between a particular clinical form and causative species (Lainson and Shaw, 1998) . Generally, parasites of the L. donovani complex are associated with VL in the Old and New Worlds but have also been found to cause CL. On the other hand, cases of VL have occasionally been attributed to species usually recognized as causative agents of CL, such as L. tropica (see Sacks et al. 1995) .
The current classification of Leishmania is still based on isoenzyme typing by using multilocus enzyme electrophoresis (MLEE), as reviewed by Schönian et al. (2008) . This approach has been the most widely used technique during the past 25 years for the identification of Leishmania to species and subspecific levels. The MLEE methods used in Europe and in South America are, however, based on different enzyme panels and cannot be compared directly (Rioux et al. 1990; Cupolillo et al. 1994) . In addition, MLEE has several limitations. Molecular studies have shown that differences in electrophoretic mobilities can be simply due to heterozygosity at a single nucleotide position (Jamjoom et al. 2004) or are not a consequence of nucleotide diversity of the particular gene Zemanova et al. 2007) . On the other hand, indistinguishable zymodeme phenotypes have been shown to be produced by distinct genotypes Alam et al. 2009a ). Consequently, other molecular studies do not always agree with the classification of Leishmania parasites by MLEE. For instance, the existence of 3 visceralizing species in East Africa, namely L. donovani, L. infantum and L. archibaldi, was not supported by analysis with many different molecular markers ), a separate species status was not confirmed for L. killicki (Schönian et al. 2001; Schwenkenbecher et al. 2006) , and the L. donovani zymodeme MON-37 was assigned to strains of different genetic background (Alam et al. 2009a) . The discriminatory power of MLEE for classifications below species level is limited because most of the L. infantum parasites causing visceral leishmaniasis in the Mediterranean and South America belong to the same zymodeme MON-1. Other important drawbacks of MLEE are that it requires bulk cultures of parasites, it is labour intensive and time-consuming, and it can only be performed in specialized laboratories.
Leishmaniasis is characterized not only by considerable clinical pleomorphism but also by varying epidemiology due to the remarkable diversity of Leishmania species and their vectors and, where applicable, their reservoir hosts. Recently, changes in the epidemiology of the leishmaniases have been reported from different endemic areas in the Old and New World. This includes amongst others, the emergence of new endemic foci (Karunaweera et al. 2003; Rhajaoui et al. 2007; Sharma et al. 2009 ): the spread of parasites to new areas (Jacobson et al. 2003; Capelli et al. 2004; Nasereddin et al. 2005) ; the sympatric presence of multiple species of Leishmania with overlapping clinical pictures (Al-Jawabreh et al. 2004; Sharma et al. 2005) ; the identification of new parasite-vector associations (Svobodova et al. 2006a) , indications of anthroponotic transmission of L. infantum (Svobodova et al. 2009 ) and of zoonotic transmission for L. tropica (Svobodova et al. 2006b ); and the isolation of new as yet unclassified members of the genus Leishmania from CL cases (Noyes et al. 2002; Villinski et al. 2008) . The (re-)emergence and spread of these diseases observed worldwide have been attributed to 3 main risk factors: (i) environmental changes of human origin, (ii) immunosuppression, and (iii) treatment failure and drug resistance (Dujardin, 2006) . A sound and consensual taxonomical background based on the knowledge of the population structure and phylogenetic diversity is needed for a better understanding of these epidemiological changes (Banuls et al. 1999) . For this, reliable, reproducible and user-friendly tools are required that allow differentiation of Leishmania parasites at species and strain levels. Table 1 summarizes key epidemiological questions concerning the leishmaniases that can be addressed by species-and strainspecific markers.
M O L E C U L A R E P I D E M I O L O G Y A N D M O L E C U L A R M A R K E R S
Molecular epidemiology is the application of molecular tools to answer epidemiological questions, particularly for pathogens. Molecular data are mainly analysed in 2 different ways, by population genetics or phylogenetics. Population genetic analyses provide a snapshot of the current structure of genetic variation within and between populations whereas phylogenetic analyses present information on the history of populations or organisms in the form of trees or networks. Most published studies are based on empirical analyses and, unfortunately, population genetic or phylogenetic approaches to data analysis have as yet been rarely used. This is perhaps due to the fact that the analytical methods and most available software are not very user-friendly and/or not well-suited for thorough analyses of the large datasets produced by molecular epidemiological studies (Constantine, 2003; Tibayrenc, 2005) .
Since the advent of PCR numerous molecular tools have been published that distinguish species and strains of Leishmania parasites. The tools range from the amplification and subsequent restriction fragment length polymorphism (RFLP) or DNA sequence analysis of multicopy targets or multigene families, including coding and non-coding regions and PCR-fingerprinting techniques, to the recently developed multilocus sequence typing (MLST) and multilocus microsatellite typing (MLMT) -for review see Schönian et al. (2008) . Each of these molecular markers has its specific discriminatory power, advantages and drawbacks. The kind of marker that is most suitable depends on the research question to be asked (Table 1) . This is especially important for the choice of the appropriate level of resolution. If the marker detects too much variation it may not faithfully represent more distant relationships and will fail to identify useful traits. If it is only moderately variable it will not explore the differences between closely related samples. Population genetic and phylogenetic approaches depend on neutral markers that are not affected by natural selection, although, in some situations non-neutral markers may identify a useful trait, e.g. virulence or drug resistance. Thus, markers should always be tested for neutrality. Co-dominant markers allowing for the detection of all 3 possible allele combinations in a diploid are preferred for population genetic studies. The markers should remain stable during in vitro or in vivo passage of the pathogens. The typing results should be reproducible, comparable between different laboratories and storable in databases. It should be possible to test intrinsic assumptions by comparing results from different methods of analyses and/or by examining the robustness of results using resampling techniques. The use of molecular markers directly in host tissues may be preferred because culture of Leishmania parasites often fails and may select for particular genotypes. Furthermore, direct methods facilitate sampling, although culture allows isolation of biological clones. Last but not least, since molecular epidemiological studies normally involve large sample sets, methods that are cost-effective and allow for high-throughput analyses are desirable.
How many markers are needed for molecular epidemiological and population genetic studies depends largely on the mode of reproduction. In clonal organisms, there is a correlation between the number of markers needed and the sample size to be investigated. Increasing the number of samples and loci will improve the estimates of genetic distance. However, if enough appropriate loci are available, reliable estimates of genetic distances can be obtained from few individuals (Kalinowski, 2005) . In contrast, in recombining organisms larger sets of independent markers are needed to detect intraspecific variation since each locus might have a separate evolution. Frequent genetic recombination would result in unstable multilocus genotypes, in which case only individual genes can be analysed individually for epidemiological tracking (Tibayrenc, 2005) or tests applied should incorporate analysis of recombination. There may be, however, a limit to the number of useful markers. In clonal populations the number of different genotypes seems to increase linearly with an increase in the number of markers, whereas a plateau will be reached for recombining organisms, after which no more genotypes are uncovered even if more loci are added (Halkett et al. 2005) . Genetic exchange has recently been demonstrated in insect stages of Leishmania, but it seems to be sporadic in natural populations (Akopyants et al. 2009) , although rates may vary between populations.
The ability to distinguish between Leishmania species is crucial for the correct diagnosis and prognosis of the disease as well as for making decisions regarding treatment and control measures. This is especially useful for studies in areas with various co-existing Leishmania species such as the southern Mediterranean Basin where CL cases may be due to L. major, L. tropica or L. infantum or in South America where CL may be caused by L. mexicana and L. amazonensis as well as by the numerous often overlapping species of the subgenus L.(Viannia). In addition, due to increasing international travel and population migration Leishmania parasites are imported into other regions of the world, including areas non-endemic for the disease (Harms et al. 2003; Schönian et al. 2003; Johnston et al. 2009 ). Furthermore, the fact that lower trypanosomatids related to the monoxenous parasites of insects of the genera Leptomonas or Herpetomonas, have been identified as causative agents of VL in southern Europe (Jimenez et al. 1996) , South America (Pacheco et al. 1998) and in the Indian subcontinent (Bhattarai et al. 2009 ) points to the need for species identification even in areas where, so far, only one species had been thought to cause the disease.
The advantage of molecular approaches based on PCR or other amplification techniques is that they combine high sensitivity for direct detection of the infecting parasites in various human, animal and sand fly tissues, with species specificity. Numerous PCR approaches have been published based on different coding and non-coding regions in the Leishmania genome, not all of them are, however, useful for identification at the species level. PCR assays amplifying the conserved region of kinetoplast minicircle DNA (*10 000 copies per cell) or SSU rDNA (40-200 copies per cell) have been shown to be most sensitive, but can identify leishmanial parasites only to the generic and/or subgeneric level (Van Eys et al. 1992; Yurchenko et al. 2000; Lachaud et al. 2002; Schönian et al. 2003; Disch et al. 2005; Bensoussan et al. 2006) . On the other hand, amplification of species-specific DNA sequences (Salotra et al. 2001; Jirku et al. 2006; Laurent et al. 2009 ) has serious limitations if not combined with a genus-specific assay to rule out false negatives and co-infections with other Leishmania species or interspecific hybrid infections. In areas where many species are sympatric several different approaches might be necessary, which would increase the cost of diagnostics. Approaches based on initial amplification of genus-specific sequences followed by subsequent differentiation of Leishmania species by RFLP, hybridization with specific probes or sequencing of the amplified sequences have proven most useful. Different targets have been used for this, such as the ribosomal internal transcribed spacer (ITS) (Cupolillo et al. 1995; Schönian et al. 2003; Nasereddin et al. 2008) ; the mini-exon gene (Harris et al. 1998) ; repetitive nuclear DNA sequences (Piarroux et al. 1993) ; the glucose-6-phosphate dehydrogenase gene (Castilho et al. 2003) ; gp63 genes (Victoir et al. 1998) ; hsp70 genes (Garcia et al. 2004; Fraga et al. 2010) ; cytochrome b gene (Kato et al. 2005) ; and 7SL RNA gene sequences (Zelazny et al. 2005) . Most laboratories use, however, an in-house PCR. Few research groups have tried to standardize and validate their PCR assay by testing for sensitivity and specificity not only with DNA extracted from cultured promastigotes but also with DNA extracted from different types of clinical material and from tissue samples spiked with known numbers of parasites, or by controlling for inhibition and the quality of DNA extraction, or by comparing their assays to other PCR assays Garcia et al. 2004; Bensoussan et al. 2006; Nasereddin et al. 2008) .
To our knowledge, the PCR-RFLP of the internal transcribed spacer 1 (ITS1) is the most widely used assay for direct detection and identification of Leishmania species in the Old World. It has been applied to the distinction of sympatric species, especially in the Mediterranean region, as well as for the identification of imported cases (Harms et al. 2003; Al-Jawabreh et al. 2004; Rhajaoui et al. 2007) . By digesting the ITS1 PCR product with only 1 restriction enzyme, HaeIII, all medically relevant Leishmania species can be distinguished. Representatives of the L. donovani complex (L. donovani and L. infantum) or L. braziliensis complex (L. braziliensis, L. guyanensis, L. panamensis, L. peruviana etc.) have almost identical RFLP patterns with a great variety of restriction enzymes and cannot be resolved further by this approach . This problem can, however be solved by sequencing the 350 bp ITS1 PCR product (Schönian and Kuhls, unpublished observations) which, in the case of the L. donovani complex, not only allows for clear separation of L. infantum from L. donovani, but also assigns strains of these species to different phylogenetic groups supported by differences in biology and clinical behaviour (Kuhls et al. 2005) . A recently developed simple reverse line blot hybridization (RLB) assay based on ITS1 sequences seems to be very promising for leishmaniasis diagnostics because it distinguishes all Old World Leishmania species, even L. donovani from L. infantum, with a 10-to 100-fold enhanced sensitivity, comparable to that of kDNA PCR (Nasereddin et al. 2008) . The primers used in these PCR assays amplify the ITS1 not only from all species of the genus Leishmania but also from other trypanosomatids, such as the genera Crithidia, Trypanosoma and Leptomonas (Schönian, unpublished observations). An ITS1 sequence that cannot be aligned to any of the Leishmania sequences available from GenBank might, therefore, be indicative for the presence of other trypanosomatids in the sample.
Recently, high-resolution melt (HRM) analysis of a real-time PCR product from the ITS1 region was used to identify and quantify Old World Leishmania species (Talmi-Frank et al. 2010) . It is a closed tube assay that does not employ additional fluorescent probes but simply utilizes a DNA melting assay and computerized analysis of the results to produce a graphic output. When tested on 300 samples from human cases, reservoir hosts and sand flies, this approach distinguished all Old World Leishmania species causing human disease, except L. donovani from L. infantum.
The PCR-RFLP approach targeting hsp70 sequences has proven to be most useful for the differentiation between South American Leishmania (Viannia) species. The restriction endonuclease HaeIII produces diagnostic RFLP patterns for the L. guyanensis species complex as well as for L. lainsoni and L. shawi (Garcia et al. 2004; Da Silva et al. 2010) . However, L. braziliensis and L. peruviana, both belonging to the L. braziliensis complex, as well as L. naiffi share an identical HaeIII RFLP pattern and can only be distingished by using a second restriction enzyme (Da Silva et al. 2010 ). The same is true for L. guyanensis and L. panamensis both belonging to the L. guyanensis complex (Fraga et al. 2010 ). This discrimination is not only of epidemiological importance but has consequences for the prognosis of the disease. So far, MCL has been principally associated with L. braziliensis (Lessa et al. 2007) , although other L. (Viannia) species have also been repeatedly suspected of causing MCL (Thomaz-Soccol et al. 2000) . The hsp70 PCR-RFLP has been successfully applied to direct identification of the infecting species in skin scrapings from Bolivian CL patients (Garcia et al. 2007a ) and in sand fly pools during field studies in the Amazonian lowlands of Bolivia (Garcia et al. 2007b) .
PCR assays combining detection of Leishmania parasites with species identification directly with clinical samples have proven useful in numerous field studies and should replace the current gold standard, multilocus enzyme electrophoresis (MLEE). The costs for PCR diagnosis are higher than for microscopy but comparable to those of culturing Leishmania. Species identification by PCR followed by RFLP, hybridization or sequencing is clearly less laborious and less costly than that by MLEE. However, the results of PCR diagnosis should always be evaluated in conjunction with clinical diagnosis, as PCR has been shown to be sensitive enough to detect parasite DNA in apparently parasitologically negative people living in areas endemic for leishmaniasis. A positive PCR result is thus a marker for infection or recent exposure rather than for disease (Deborggraeve et al. 2008a ). However, the potential problem of PCR detecting naked DNA can probably be virtually disregarded, because Leishmania DNA has been shown to degrade quite quickly after the death of the parasites (Prina et al. 2007) .
Assays using alternative amplification technologies such as quantitative nucleic acid sequence-based amplification (QT-NASBA) based on amplification of 18S RNA and loop-mediated isothermal amplification (LAMP) of kinetoplast minicircle DNA do not allow discrimination of different Leishmania species (Van der Meide et al. 2005; Takagi et al. 2009 ). Commercialized assays that have been developed for direct detection of Leishmania are not able to identify the infecting species. These commercial tests still rely on PCR for the amplification of the target and detection is achieved by hybridization to a genusspecific probe covalently linked to a dipstick (Deborggraeve et al. 2008b) . Thus, for Leishmania species identification we still depend on validated inhouse PCR assays. The use of these assays requires careful selection, comparison and evaluation of reagents, proper training of the operators, a laboratory with some standard equipment, monitoring of quality control, and tests may not be readily applicable under field conditions. An alternative technique, which might be promising for use in Leishmania, has been developed by Hamilton et al. (2008) for species identification in Trypanosoma. This method called fluorescent fragment length barcoding (FFLB) is based on length variation in regions of the 18S and 28Sα ribosomal DNA. Fluorescently tagged primers annealing to conserved regions were used to amplify fragments in the 18S and 28Sα ribosomal DNA with inter-species size variations. Sizes were accurately determined using an automated sequencer. By using 4 sets of primers amplifying 2 regions in each of the rRNA genes all trypanosome species could be distinguished and putative new species were recognized. FFLB has proven more sensitive than other PCR techniques and allows a high throughput of samples with up to 96 samples tested within 24 h.
M O L E C U L A R M A R K E R S T O I D E N T I F Y L E I S H M A N I A P A R A S I T E S A T S T R A I N L E V E L
Different DNA-based techniques have been used to differentiate Leishmania parasites at the strain level. These include DNA and PCR fingerprinting approaches, e.g. Randomly Amplified Polymorphic DNA (RAPD) techniques, which require cultured parasites because probes and primers used in this context are not specific for Leishmania. DNA fingerprinting with the human multilocus minisatellite probe 33.15 was applied to follow an outbreak of VL in central Israel (Nasereddin et al. 2005) . PCR fingerprinting and RAPD techniques have been successfully applied to characterize L. tropica strains in a new Israeli focus (Jacobson et al. 2003) as well as to detect intraspecies variation in the L. donovani complex (Hide et al. 2001; Zemanova et al. 2004) . These techniques are relatively simple, rapid and do not need prior sequence information, but suffer from poor reproducibility. Importantly, the results are not comparable between laboratories.
Numerous epidemiological studies in leishmaniasis, only few of which can be cited here, have used PCR-RFLP approaches based on sequence polymorphisms in coding and non-coding regions of multigene families, including cysteine protease B (cpB) (Garcia et al. 2005; ; major surface glycoprotein (gp63) (Mauricio et al. 2001; Garcia et al. 2005) ; intergenic spacers of the ribosomal operon (Cupolillo et al. 1995 (Cupolillo et al. , 2003 Schönian et al. 2001; Rotureau et al. 2006) ; miniexon sequences Quispe Tintaya et al. 2004) , and kinetoplast minicircles (Noyes et al. 1998; Morales et al. 2001; Chicharro et al. 2002; Cortes et al. 2006; Laurent et al. 2007) . These approaches are relatively simple and rapid, and can be used directly with clinical isolates. The PCR-RFLP of whole minicircle DNA is a highly polymorphic assay that can differentiate between closely related organisms, such as L. infantum MON-1, and has been used to distinguish between recrudescence and re-infection . The fragment patterns obtained are, however, difficult to analyse. They are sometimes very complex and difficult to compare between laboratories and between different observers even when the same systems have been used. The patterns are not fully reproducible and artefacts due to partial restriction cannot be excluded. Finally, changes in the RFLP profiles have been observed during in vivo and in vitro passages of Leishmania parasites (T. Laurent, personal communication). These techniques depend therefore, on careful standardization and are recommended for comparative studies involving few strains rather than for large-scale epidemiological studies. It should also be mentioned that in vitro selection for drug-resistant L. amazonensis lead to changes in kDNA minicircle RFLP due to a switch of minicircle class dominance (Lee et al. 1993) . The minicircle RFLP pattern of Nepalese isolates of L. donovani did not, however, show any correlation with treatment outcome in patients (Laurent et al. 2007) .
All the strain-specific DNA markers mentioned so far have one disadvantage in common, they are not co-dominant. The only co-dominant markers that currently differentiate within the Leishmania species and can detect all 3 diploid allele combinations possible in a diploid are MLEE, multilocus sequence typing (MLST) and multilocus microsatellite typing (MLMT). A detailed discussion of the latter 2 approaches is given in the next sections.
M U L T I L O C U S S E Q U E N C E T Y P I N G ( M L S T )
Multilocus sequence typing (MLST) refers to analysis based on the DNA sequence of multiple gene targets. The term was adopted for a specific system developed initially for bacteria (Maiden et al. 1998) and which is applied like multilocus enzyme electrophoresis (MLEE). In the strict bacterial MLST context, short DNA sequences of 300-500 bp for 7-12 targets are generated by direct sequencing in both directions. MLST is able to detect co-dominant single nucleotide polymorphisms (SNP), as mentioned above, and although indels can complicate the analysis and require cloning or other allele-specific analysis, in our experience they are extremely rare in protein-coding genes. Each sequence is scored as a haplotype, bacteria being haploid, and the combination of the haplotypes for all gene targets is the sequence type (ST). Targets must be selectively neutral, given that a single gene subject to high positive or negative selection may disrupt phylogenies. Sequence data are highly reproducible and easily comparable between laboratories and thus have been amenable to sharing in databases via the internet. A public website (www. mlst.net) is dedicated to host the web interface for most of such existing databases, hosted at Imperial College, UK. Via this and similar websites, users can perform several tasks such as downloading alleles and STs, comparing profiles to reference datasets and concatenating sequences. Users are encouraged to submit new alleles or STs to the curated database. A new development includes maps through which the global distribution of isolates and STs can be visualized by country in combination with Google Maps or Google Earth. Online access is also provided to data analysis software such as BURST, NRDB (Non-redundant databases), SplitsTree and linkage disequilibrium.
Recently MLST has been applied to diploid organisms, notably to fungal pathogens of the genus Candida, in which case it is the diploid sequence type that is coded, using the codes for ambiguous nucleotides (Bougnoux et al. 2002) . Diploids pose particular problems for analysis in that they possess 2 alleles per locus and there is no physical linkage between loci located in different chromosomes. Diploid MLST data may be analysed with programmes such as SplitsTree that accommodate ambiguous nucleotides or by concatenating datasets with duplicated nucleotides so that heterozygous sites become 2 sites with a single base at each. This latter method makes assumptions about the origin of each single nucleotide polymorphism (SNP), as identical nucleotides may be identical by descent (homologous) or by state (homoplasy) and should thus be used with caution.
In Leishmania, tentative steps have been taken to develop an MLST system, although an internet accessible database has not yet been created. The L. donovani complex has been studied by 2 sets of 5 loci for genes coding for enzymes used in MLEE Zemanova et al. 2007 ): one set with asat, gpi, nh1, nh2 and pgd and the other with icd, me, mpi, g6pdh, and fh. Together those 10 targets should form a complete MLST system applicable to the L. donovani complex. Although results from MLST of Leishmania are largely in agreement with the results from MLEE, some key discrepancies were found and increased resolution was obtained. Thus silent SNPs were found that provide further resolution, such a single SNP in gpi that distinguishes between strains of L. infantum . However, SNPs responsible for amino acid changes were also found in genes coding for enzymes giving indistinguishable electrophoretic profiles, notably in nh2, which has the same protein band size for all L. donovani complex strains.
Four gene targets (gpi, mdh, mpi and 6pgd) have been described for Leishmania of the New World (Tsukayama et al. 2009) , not for analysis by MLST data, but for diagnostic tools. Unfortunately, the analysis did not include sufficient diversity of strains for each species, and unpublished analyses (Mauricio, unpublished observations; Cupolillo, personal communication) have shown that some potentially species-diagnostic SNPs are actually present in other species. In addition, 6 gene targets that are not associated with MLEE have been used to characterize L. major/L. infantum hybrids , although their diversity within each species has not yet been published.
The main advantage of MLST over MLMT is the possibility of generating genus-wide phylogenies and, given high quality sequencing, unequivocal comparability between laboratories. Similar and further targets are being analysed for the subgenus Leishmania (Viannia), aiming to produce a share panel of MLST targets, although possibly with different primers, that can be applied to the entire genus. MLST is likely to become the gold standard basis for taxonomy and thus identification of Leishmania. For example, a preliminary analysis (Mauricio, unpublished observations) of the gene gpi for a number of samples of different species has shown that comparisons of genetic diversity within and across species may help decide on validity of controversial species. In comparison with MLEE, MLST does not necessarily require sterile culture of parasites, does not require simultaneous typing of reference strains, can be done commercially without in-house specialized equipment and, as mentioned above, the data are portable.
New generation sequencing (NGS) enables fast sequencing of large numbers of genes. MLST may be extended to 100 or more targets, including neutral targets and those known to have roles in key biological features such as virulence, drug resistance, shock resistance, etc. NGS on long read platforms also has the advantage of cloning samples so that reads are haplotypes and true heterozygotes can be distinguished from mixed samples. Such studies are likely to enhance in-depth knowledge of the natural history, evolution and population genetics of Leishmania.
M U L T I L O C U S M I C R O S A T E L L I T E T Y P I N G ( M L M T )
Microsatellite sequences, also called simple sequence repeats (SSRs) or short tandem repeats (STRs), are repeated motifs of 1-6 nucleotides found in all eukaryotic and prokaryotic genomes (Toth et al. 2000; Mrazek et al. 2007) . They are present in coding, albeit rarely, and in non-coding regions constitute a large fraction of sequences. Analysis of length polymorphisms of microsatellite-containing sequences has, recently, become an important tool for population and genetic studies of many species including humans. Microsatellites mutate at rates 5-6 orders of magnitude higher than the bulk of DNA, which makes them particularly useful for studying variation between closely related organisms. Microsatellite sequence variation results from the gain and loss of single repeat units, which can easily be detected after amplification with primers annealing specifically to their flanking regions. The results of these analyses are theoretically reproducible and exchangeable between laboratories. Selection does not seem to act on polymorphisms in microsatellite length, and allelic variants are detectable because of the co-dominant nature of these markers.
The mutation rate at a given microsatellite locus is influenced by various factors: the repeated motif itself, allele size, chromosome position, GC content in flanking DNA, and the efficacy of the mismatch repair system (MMR), which is critical for the stability of microsatellites. Recombination may change the repeat number by unequal crossing-over or by gene conversion (Li et al. 2002; Ellegren, 2004) . However, the most plausible explanation for variation in repeat numbers is slippage of polymerase during DNA replication (Schlotterer and Tautz, 1992) . The transient dissociation of the replicating DNA strands followed by misaligned re-association leads to gain or loss of repeat units. Most of these primary mutations in vivo are corrected by the MMR system, and only the small fraction that was not repaired or not correctly repaired ends up as variable microsatellites. Although there is a general tendency for gain of new repeats, natural selection acts against very long repeats (Li et al. 2002; Ellegren, 2004) . This means that the evolutionary history of a particular repeat sequence may be uncertain and that these markers are prone to homoplasy. To overcome this main obstacle in the use of microsatellite analysis it is recommended that all studies should use a panel of 10-20 unlinked microsatellite markers.
The genome of Leishmania was found to be relatively rich in microsatellites with about 600 (CA) n loci per haploid genome (Rossi et al. 1994) . During recent years the development of microsatellite-based approaches has been attempted for strain typing within the genus Leishmania to overcome the lack of discriminatory power of MLEE and of many other molecular typing methods. It very soon became obvious that microsatellite markers highly discriminatory within one species of Leishmania could not be amplified, were even absent or not informative in others (Jamjoom et al. 2002a; Schwenkenbecher et al. 2004) . Regions flanking the repeats were not strongly conserved between closely related species of Leishmania and repeats polymorphic in one species were often interrupted by single nucleotide substitutions and insertions in other species. Thus, speciesspecific and/or species-complex-specific marker sets are needed in the genus Leishmania.
So far, microsatellite loci with high discriminatory power and suitable for characterizing closely related strains have been published for the L. Recently, a searchable database of microsatellite loci within the genome has been established at http:// www.genomics.liv.ac.uk/tryps/Microsatellites.V1. html, which allows the development of more microsatellite markers for the L. donovani complex, L. major and L. braziliensis (Fakhar et al. 2008) .
The multilocus microsatellite typing (MLMT) approaches developed so far for Leishmania make use of sets of 14-20 unlinked microsatellite loci. For application in large-scale epidemiological and population genetic studies, size variations of fluorescencelabelled PCR products should be detectable by using the fragment analysis tool of automated sequencers which have the potential for multiplexing and highthroughput analyses. Markers requiring sequence analysis of repeat number variation are not appropriate (Bulle et al. 2002) and, for that reason, most marker sets use primers closely flanking the repeat. Repeat numbers estimated for the different loci are assembled into a multilocus microsatellite profile for every strain under study.
Distance-based methods and models based on Bayesian statistics have been applied in the analysis of these profiles. Microsatellite based genetic distances may be calculated using the software MSA (Dieringer and Schlötterer, 2003) and POPULATIONS (http://bioinformatics.org/~tryphon/ populations) by applying different distance measures appropriate for microsatellites. Based on the resulting distance matrix Neighbour-joining (NJ) trees are constructed with programmes such as POPULATIONS and MEGA (Kumar et al. 2004) . The model-based method to uncover population structure implemented in STRUCTURE (Pritchard et al. 2000) has advantages over distance-based data evaluation because its algorithm uses patterns of allele frequencies to identify distinct subpopulations and it determines fractions of each genotype within each subpopulation. However, panmixia is one of the essential assumptions in the STRUCTURE algorithm. Nevertheless, even if used with organisms not in Hardy-Weinberg equilibrium, STRUCTURE results have so far always corroborated those obtained by genetic distance, have accurately inferred individual ancestries, have been appropriate for characterization of population structure and have provided information on population relationships and history (e.g. see Schwenkenbecher et al. 2006; Al-Jawabreh et al. 2008; Wirth et al. 2008) .
Once the population structure is defined, F-statistics are of high value for population studies of diploid organisms including Leishmania. F is , a measure of the inbreeding of individuals resulting from the deviation from panmixia, and F st , a measure of the relatedness between individuals due to the structure of the population, provide information about the mode of reproduction and population differentiation (De Meeus et al. 2006) . Clonal diploids are expected to accumulate heterozygosity over time at every locus and should therefore exhibit negative F is values. Heterozygote deficiency (positive F is values) seen in many MLMT studies of Leishmania can be due to the presence of different factors, such as population subdivision (Wahlund effect) or a high rate of gene conversion. The impact of population substructure can be studied with the Bayesian analysis of genetic population structure (BAPS) software (Corander et al. 2007) . Using this method Rougeron et al. (2009) have demonstrated that the high F is values found in their MLMT analysis of Bolivian and Peruvian L. braziliensis are only partly explained by population subdivision.
It is advantageous that MLMT can be used directly on biological material without culture of the parasite. DNA extracted from specimens spotted on filter paper or glass slides or from old Giemsastained microscope slides was successfully applied in MLMT approaches (Alam et al. 2009b,c) . Moreover, accurate, quality controlled microsatellite profiles can be stored in databases and compared between different laboratories.
P O P U L A T I O N S T R U C T U R E O F K E Y L E I S H M A N I A S P E C I E S A S R E V E A L E D B Y M L S T A N D M L M T
MLMT brought about the first true population genetics studies in Leishmania. The first study was done on L. tropica (Schwenkenbecher et al. 2006) . It showed the existence of genetically different populations with geographical associations, as well as genetically isolated sympatric populations in rather small territories, e.g. in Israel and the Palestinian Authority and in Morocco. The population structure of L. tropica was found to be complex, with new variants spreading to distant foci, a zoonotic focus and with a heterozygous clade (putative hybrid lineage) achieving a widespread distribution. Unpublished MLST results by one of the authors (Mauricio) have shown consistency within groups identified by MLMT of L. tropica (Schwenkenbecher et al. 2006) and L. major .
Most of the MLMT studies published so far (Table 2) have addressed epidemiological and population genetic questions related to the L. donovani complex. A set of 15 microsatellite markers has been applied to type strains of L. donovani and L. infantum isolated from the main regions endemic for VL . Six principal genetically distinct populations were identified: 2 populations of L. infantum from the Mediterranean area and South America comprising the MON-1 and non-MON-1 strains, respectively; 2 populations of L. donovani from Sudan and Ethiopia; 1 of L. donovani MON-2 from India; and 1 consisting of strains of L. donovani 37, 38) from Kenya and India. This was perhaps not very surprising but corroborated the fragmentary data published in numerous studies using other genetic markers Kuhls et al. 2005; Mauricio et al. 2007) . Although 2 populations of L. donovani were found in Sudan and Ethiopia, like other molecular methods MLMT did not support the presence of other species, L. infantum and L. archibaldi, reported from MLEE in East Africa. Based on a combination of multiple genetic data, including MLMT data, a revised taxonomy was proposed for the L. donovani complex .
MLST produced similar results and confirmed the division of the L. donovani complex into a number of genetic groups , equivalent to those found for MLMT ). An exception was the subdivision of the Sudanese group, although one of these groups included strains placed in a separate MLST group. Notably, the MLST analysis was able to identify introgression of the ASAT allele typical of L. infantum into some Sudanese L. donovani strains, able to detect a strain with L. infantum/L.donovani gene mosaics, in addition to a clear hybrid between 2 L. donovani subgroups, heterozygous at all genes with different alleles.
Interestingly, the highest microsatellite diversity was observed for L. infantum from the Mediterranean basin and the lowest for L. donovani from India. To test whether the latter finding might be attributed to a sampling bias or to the fact that a strain of L. infantum had been used for the design of the microsatellite markers used (Ochsenreither et al. 2006 ), we conducted a more comprehensive study by including more strains from India, Nepal and Bangladesh and by designing new microsatellite markers with a library made from an Indian strain of L. donovani (Alam et al. 2009c) . The outcome was, however, the same, even when 34 additional microsatellite sequences had been analysed. The homogeneity of L. donovani from the Indian subcontinent was remarkable, 125 of the 132 strains tested belonged to the same population regardless of geographical origin, clinical manifestation, and whether they presented in vitro or in vivo susceptibility to antimonial drugs. Identical multilocus microsatellite profiles were found for 108 strains. The most plausible explanation is that this population emerged only recently with a very short time for subsequent evolution. However, MLST-based networks suggest sustained and ancient reproductive isolation from other L. donovani lineages. A bottleneck event related to the insecticide spraying under the Malaria Control programme in the 1960s might have exterminated the original L. donovani population(s) leaving only a small pocket of survivors that started to spread after the campaign was finished.
Because substructures were detected in the main populations of the L. donovani complex according to place and time of strain isolation we attempted to use the MLMT for discriminating further the strains within the L. infantum MON-1 . MLMT was performed on DNA samples extracted from Giemsa stained bone marrow aspirates L. infantum
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. One single monophyletic L. donovani clade in Sudan (Jamjoom et al. 2004) . . Different genetic groups of strains of L. infantum were also observed when strains from Israel and the Palestinian Authority, Tunisia and Algeria were subjected to MLMT. In the 2 North African countries, different zymodemes of L. infantum can cause both visceral and cutaneous disease. Microsatellite typing of strains belonging to zymodemes MON-1, MON-24 and MON-80 identified 3 different populations in both countries (Seridi et al. 2008; Chargui et al. 2009 ). The MON-1 strains were assigned to 2 different populations one of which contained only local strains and the other local and European strains of MON-1. The non-MON-1 strains were always separated from the MON-1. Gene flow was detected between the 2 MON-1 populations and the local MON-1 and the non-MON-1 populations, respectively. The existence of hybrid strains between different populations representing different zymodemes has been suspected in Algeria and was verified in Tunisia by analysis of clones of one of these strains.
The Israeli and Palestinian strains of L. infantum, all belonging to zymodeme MON-1, were assigned to 2 different populations ). One population comprised all but one strain isolated from human and canine cases in the Palestinian West Bank and central Israel. The second population, consisting of canine isolates from central and northern Israel, was further divided into 3 subpopulations according to the place of isolation. Canine leishmaniasis (CanL) and human VL are re-emerging in central and northern Israel and in Palestinian foci, respectively. The re-emergence of CanL is most likely due to increased dog and human contact with sylvatic cycles of parasitic infection, whereas the spread of the second population towards the centre of Israel seems to result from recent introduction of parasites from older foci of northern Israel. Interestingly, none of the Israeli and Palestinian strains were found to group with European MON-1 or non-MON-1 strains.
A preliminary analysis of the MLMT profiles obtained for 398 strains of L. infantum uncovered a hierarchical population structure (Kuhls and Schonian, unpublished observations) , with 3 different populations. One population included all non-MON-1 strains, which were from North Africa, with some from southwest Europe, but none from eastern Mediterranean foci. MON-1 strains were divided into 2 populations. One population had isolates from southwest Europe and South America and the other was of eastern and southern Mediterranean origin (Fig. 1) . Both MON-1 populations showed further geographical clustering.
MLMT, and also MLST to a lesser extent, are further able to differentiate below the zymodeme level. As discussed above, MLMT revealed a remarkable genetic heterogeneity of L. infantum strains belonging to the zymodeme which is predominant in the Mediterranean area and in South America, MON-1. On the other hand, MLMT always assigned strains of zymodemes MON-77, 108 and 98 to the MON-1 cluster . This was confirmed by MLST for the zymodeme MON-98, for which the MLEE phenotype could not be explained by respective changes in the amino acid sequence (Zemanova et al. 2007) .
MLMT, as well as MLST, has also resolved dramatic cases of MLEE convergence. Recently, strains of L. donovani MON-37 were identified as the causative agent of VL and CL cases in Cyprus (Antoniou et al. 2008) . This zymodeme had previously been identified in Sri Lanka (Karunaweera et al. 2003) and earlier in India, Middle East and Kenya (Moreno et al. 1986; Moreno, 1989; Schnur et al. 2001) . It was suggested that human migration had been responsible for the introduction of this zymodeme in both countries, previously unknown to be foci of L. donovani. However, the MON-37 strains from each location were found to be paraphyletic (Alam et al. 2009a) . The ultimate origin of the different clades of this zymodeme, particularly in Cyprus, remains to be clarified.
Leishmania parasites are still thought to reproduce predominantly clonally, although there is growing evidence of gene flow and recombination Kuhls et al. 2008; Akopyants et al. 2009; Chargui et al. 2009 ).
The high F is values found in the MLMT analysis of Bolivian and Peruvian L. braziliensis (Rougeron et al. 2009 ) point to frequent sexual crosses of individuals from the same strain (inbreeding). The substantial heterozygote deficiency and extreme inbreeding found in this study is not consistent with a strictly clonal reproduction (Rougeron et al. 2009 ). Moreover, a strong population structure was found at a micro-geographical scale as the populations within the different countries were genetically heterogenous. This is in accord with the results of earlier population studies of L. infantum Seridi et al. 2008; Amro et al. 2009; Chargui et al. 2009 ), L. tropica (Schwenkenbecher et al. 2006 ), and L. major . Recent research by MLMT on Sudanese L. donovani showed populations consistent with inbreeding, although it also detected the first population without departure from Hardy-Weinberg equilibrium (Baleela, personal communication). Moreover, the detection of strains with potential mosaic and heterozygous genotypes, and of hybrids within L. infantum -even between MON-1 and non-MON-1 populations, and of high inbreeding within and gene flow between the populations, pointed to at least occasional recombination events. Rougeron et al. (2009) came to the conclusion that Leishmania parasites may alternate between clonal and sexual modes of reproduction with the latter most probably occurring in the vector. Sexual fusion may frequently take place between genetically related parasites or even identical members of the same strain with occasional recombination events between individuals of different genotypes.
MLMT on parasites of the L. (V.) braziliensis complex showed that recombination events are much more frequent in Leishmania than previously thought. L. braziliensis/L. peruviana hybrids were found to be quite common in a Peruvian focus where both species can occur sympatrically (Nolder et al. 2007) . In some MCL patients the hybrids were the only organisms isolated. Whether the hybrids may give rise to epidemiologically important emergent genotypes needs to be further elucidated. Volf et al. (2007) demonstrated recently that L. infantum/L. major hybrids could be transmitted by Ph. papatasi which is normally only competent to transmit L. major. This suggests that the hybrids may circulate using this sand fly vector and spread into new foci throughout the broad range of Ph. papatasi distribution.
MLST has so far been able to identify hybrids and genome mosaics Zemanova et al. 2007 ) much more reliably than MLEE, and even MLMT, which is more prone to homoplasy. Such results have also suggested that recombination is likely to have been much more frequent historically and in extant populations, than previously recognized.
C O N C L U S I O N S Global epidemiological, taxonomic and population genetic studies of Leishmania require good sampling strategies and appropriate molecular markers that allow discrimination at the desired genetic level. Markers that are stable during in vitro or in vivo passages and can be tested directly on clinical samples would be advantageous. The markers should accommodate test assumptions, comparisons with different analytic methods and assessment of robustness of results by using re-sampling techniques. The typing results should be reproducible, comparable between laboratories and storable in databases. Finally, highthroughput cost-effective methods are needed for large-scale studies. This is necessary since sampling should include isolates from many endemic foci, all possible hosts, and representing different zymodemes and clinical forms of the disease. Sample size is crucial as it has a direct effect on the ability to test hypotheses. Answering key epidemiological questions requires new or improved tools that allow for differentiation of Leishmania parasites at species and strain levels. The current gold standard, MLEE, has some drawbacks, such as the need for cultured parasites and the lack of discriminatory power. At the species level, it should be replaced by PCR assays that enable direct detection and identification of different species of Leishmania in human and animal samples and in infected sand flies. Many of the PCR assays described in the literature have proven useful in numerous field studies. There is, however, an urgent need for standardization and validation of diagnostic PCR assays and for comparisons of the sensitivity and specificity of different approaches under routine conditions.
When different DNA-based methods of strain typing were compared, PCR-RFLP of kinetoplast minicircle DNA and MLMT were found to be most discriminatory at intra-species level, allowing further characterization of the parasite diversity and establishment of genetic links between remote populations of L. infantum and L. donovani (Botilde et al. 2006 , Bhattarai et al. 2010 . Because of its better reproducibility and possibility of data storage and exchange, MLMT currently seems to be the best candidate for becoming the gold standard for strain level differentiation. Since microsatellite markers are largely species-specific in Leishmania and different marker sets have to be used with different species, MLMT is not suited for inferring phylogeny.
Although less discriminatory, MLST is potentially the most powerful phylogenetic approach and will, most probably, advantageously replace MLEE in the future. Preliminary results show that the same targets can be used across the Leishmania genus which will enable comparisons of distances between the species but also of the degree of genetic diversity within species (Miles et al. 2009 ).
New high-throughput and cheaper sequencing technologies have opened the door for genome-wide multilocus genotyping in malaria research. Almost 47 000 single nucleotide polymorphisms (SNPs) were identified across the Plasmodium genome (Volkman et al. 2007 ). This allowed development of microarray-based platforms for screening more than 3000 SNPs that were successfully applied for population genetic analyses and genome-wide association studies in P. falciparum (Neafsey et al. 2008; Mu et al. 2010) . Research on Leishmania has already taken steps in similar directions, which are likely to finally enable researchers to answer some questions on population genetic questions, and ultimately tease out key aspects of drug resistance, virulence and other important issues relevant for control.
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